The liquid-liquid equilibrium (LLE) phase boundaries were determined experimentally for the ternary systems containing refined sunflower oil, methanol, and one of ten potential cosolvents at 308.2 K under atmospheric pressure by using cloud point method. n-Butylamine was found to be one of the best cosolvents, which could substantially enhance the miscibility between the oil and methanol. The LLE measurements were then extended to the ternary systems of methanol + refined sunflower oil, soybean oil, or canola oil in the presence of the auxiliary cosolvent n-butylamine at temperatures from 298.2 K to 318.2 K. The LLE data were utilized for estimating the model parameters of the NRTL and the UNIQUAC, respectively. In general, these two models can reasonably represent the LLE phase boundaries.
INTRODUCTION
In recent years, biodiesel has been recognized as one of cleaner fuels produced from renewable resources [1] [2] [3] . The major compounds of the biodiesel are fatty acid methyl esters (FAME), which typically can be obtained via transesterification of oils or fats with methanol. In the transesterification, the reactants (oils and methanol) are partially miscible. To promote the reaction rate by means of reducing the masstransfer resistance between the reacting constituents, several auxiliary cosolvents have been suggested. Those potential cosolvents include tetrahydrofuran, ethyl acetate, dimethyl ether, diethyl ether, 1,4-dioxane, 4-methylpiperidine, N,Ndimethyltrimethylenediamine, diethylamine, tetramethyldiaminoethane, dimethylethanolamine, and tetramethylammonium hydroxide as 25 % solution in methanol [4] [5] [6] [7] [8] . Boocock et al. [6] found that the methanolysis of oil was dramatically enhanced in a single phase by adding cosolvent tetrahydrofuran. Similar results were also disclosed by Cerce et al. [7] who used tetramethylammonium hydroxide as a cosolvent and a basic catalyst, simultaneously.
In the present study, ten organic solvents, including acetone, methyl ethyl ketone, methyl acetate, ethyl acetate, methyl propionate, propylene glycol monomethyl ether acetate, dimethyl carbonate, tetrahydrofuran, methyl tert-butyl ether, and n-butylamine, were selected to test their capability for improving the miscibility between refined sunflower oil and methanol via a series of LLE measurements at 308.2 K under atmospheric pressure. The effects of the presence of nbutylamine on the LLE behavior were further investigated *Address correspondence to this author at the Department of Chemical Engineering, National Taiwan University of Science and Technology, 43 Keelung Road, Section 4, Taipei 106-07, Taiwan; Tel: +886-2-2737-6626; Fax: +886-2-2737-6644; E-mail: mjlee@mail.ntust.edu.tw for refined soybean oil/methanol and refined canola oil/methanol systems. These new LLE data are useful in the determination of the parameters of activity coefficient models, the NRTL [9] and the UNIQUAC [10] , for properly describing the non-ideality of the constituent compounds in the liquid phases. Those model parameters are essentially needed for the development of biodiesel production processes.
EXPERIMENTAL SECTION

Materials
Methanol (99.9 %), acetone (99.5 %), dimethyl carbonate (DMC, 99 %), ethyl acetate (99.5 %), methyl acetate (99.5 %), methyl ethyl ketone (MEK, 99 %), methyl propionate (98 %), n-butylamine (99 %), tetrahydrofuran (THF, 99.5 %), and glycerol (99 %) were purchased from Acros, USA. Propylene glycol monomethyl ether acetate (98+ %) was supplied by Aldrich, USA. Methyl tert-butyl ether (99 %) was provided from Fluka, USA and the refined vegetable oils were from domestic edible oil companies. These chemicals were used without further purification. The purity levels of the organic solvents have been confirmed with chromatographic analysis.
Apparatus and Procedures
A glass-made titration-type LLE apparatus with an internal volume of about 20 cm 3 was used in the present study. Its schematic diagram is shown in Fig. (1) . Thermostatic water was circulated through the jacket of the equilibrium cell to control the cell's temperature to within ± 0.1 K. The cell's temperature was measured with a precision mercury thermometer (2) with an uncertainty of ± 0.1 K. About 10 cm 3 of a liquid mixture, at a given total composition, was loaded in the equilibrium cell (1) from the top sampling port, and the port was then sealed by a screw open top cap with a Teflon septum. A magnetic stirrer (5) vigorously agitated the liquid contents in the cell. While a syringe needle (3) was inserted through the septum to maintain the cell at atmospheric pressure during the titration process, a precision syringe (4) filled with a selected cosolvent injected the cosolvent drop by drop from the top of the cell. The volume of one drop is estimated as small as 0.02 cm 3 . When the cloud point was observed, the amount of the injected cosolvent was determined from the mass change of the syringe before and after the titration by a precision electronic balance, with an uncertainty of ± 0.1 mg. The composition of the cloud point (i.e., a point on the LLE phase boundary or the binodal curve) thus can be determined. The uncertainty of composition analysis is estimated to be better than ± 0.001 in weight fraction.
Experimental Results
The LLE apparatus was used to measure the cloud points (i.e., LLE phase boundaries) for the ternary systems of sunflower + methanol with one of ten potential cosolvents, including acetone, methyl ethyl ketone, methyl acetate, ethyl acetate, methyl propionate, propylene glycol monomethyl ether acetate, dimethyl carbonate, tetrahydrofuran, methyl tert-butyl ether, and n-butylamine at 308.2 K under atmospheric pressure. Fig. (2) . presents the LLE phase diagram for five selected ternary systems where the composition scales are in weight fractions. The experimental results show that all the systems behave as type-I LLE and the area of immiscibility regions decreases with the order of DMC > acetone > propylene glycol monomethyl ether acetate > methyl acetate > ethyl acetate > methyl propionate > MEK > methyl tertbutyl ether >THF > n-butylamine. Among these investigated cosolvents, n-butylamine appears to be the most powerful cosolvent for enhancing the miscibility between the refined sunflower oil and methanol.
The temperature effects on the LLE behavior were subsequently investigated for the mixtures containing nbutylamine, methanol, and one of refined vegetable oils (sunflower oil, soybean oil, and canola oil) at temperatures ranging from 298.2 K to 318.2 K over atmospheric pressure. Table 1 reports the experimental results where w i is the weight fraction of component i. Fig. (3) . illustrates the LLE phase boundaries of canola oil + methanol + n-butylamine system at different temperatures. The area of LLE regions decreases with an increase of temperature. Fig. (4) . compares the binodal curves of the systems containing different refined vegetable oils at 298.2 K, indicating that these three phase envelopes are very close.
LIQUID-LIQUID PHASE EQUILIBRIUM CALCU-LATIONS
The LLE calculations were made with the aid of the process simulation package Aspen Property. Correlative activity coefficient models were adopted to quantitatively represent the phase behavior of these investigated systems. Our experimental results of the LLE measurements were applied to determine the model parameters of two correlative solution models, the NRTL and the UNIQUAC, respectively. The definition of the NRTL is given as following:
where G ij = exp (-ij j ) and c is the number of components. The UNIQUAC is defined as
with 
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where r i , q i , and ' i q are segment parameter and surface area parameters of component i, respectively. These structural parameters of the constituent compounds were estimated from the group-contribution method [11] . According to the typical fatty acid compositions of vegetable oils [12] , the parameters of both sunflower oil and soybean oil were estimated by assuming that each oil molecule contains one oleic acid functional group and two linoleic acid groups, while each canola oil molecule contains two oleic acid groups and one linoleic acid group. Since temperature-dependent parameter ij was considered in both two models for representing the LLE phase behavior over the entire experimental temperature range, ij of the NRTL is given by Fig. (3) . LLE phase boundaries of canola oil + methanol + nbutylamine ( , 298.2 K; , 308.2 K; , 318.2 K).
Fig. (4)
. LLE phase boundaries of ternary systems of methanol and n-butylamine plus one of three different vegetable oils at 298.2 K ( , sunflower oil; , soybean oil; , canola oil).
and that of the UNIQUAC is defined as
There are three adjustable parameters (a ij , b ij , and ij ) for each binary pair in the NRTL model and two adjustable parameters (a ij and b ij ) in the UNIQUAC model. Because no experimental compositions of coexistent phases were determined simultaneously from the cloud-point measurements, the model parameters were thus adjusted manually during the parameter estimation process. The iteration trials were continued until the calculated LLE phase boundaries approached to the experimental results. Table 2 reports the determined values of the model parameters for the constituent binary pairs. A single set of model parameters appears to be sufficient for the three different vegetable oils investigated in the present study. The smoothed curves in Fig. (5) . are the calculated results from the NRTL and the UNIQUAC models for sunflower oil (1) + methanol (2) + n-butylamine (3). Both two models reasonably describe the LLE phase behavior for this ternary system. , calculated end points of tie line). 
CONCLUSIONS
Ten potential cosolvents have been tested to enhance the mutual solubilities between refined sunflower oil and methanol with cloud point method. n-Butylamine was found to be a preferable cosolvent to homogenize the mixtures of the oil and methanol. The temperature effects on the LLE phase boundaries have also been investigated for ternary mixtures containing n-butylamine, methanol, and one of three refined vegetable oils (sunflower oil, soybean oil, and canola oil) at temperatures ranging from 298.2 K to 318.2 K over atmospheric pressure. The experimental results have been used to determine the model parameters of the NRTL and the UNIQUAC models for the constituent binaries. The results obtained from this study are useful in the process development for producing biodiesel from a diversity of plant oils and methanol in the presence of selected cosolvents.
